INTRODUCTION {#SEC1}
============

Over the last 10 years, DNA nanotechnology has demonstrated how synthetic nucleic acid strands can be employed to design and engineer nanoscale structural and functional systems of increasing complexity ([@B1]--[@B3]). With its highly predictable interactions and thermodynamics, DNA can in fact be considered as the biomaterial of choice to develop precise spatio-temporally controlled nanostructures ([@B4],[@B5]) and to engineer supramolecular systems with functions ranging from sensing ([@B6],[@B7]) to computing ([@B8],[@B9]), molecular transport ([@B10],[@B11]) and catalysis ([@B12],[@B13]). In order to design such DNA-based systems, user-friendly softwares such as Mfold ([@B14]), NUPACK ([@B15]) and IDT SciTools ([@B16]), which allow to quantitatively predict the free energy of Watson--Crick interactions, are increasingly employed. A main limitation of these prediction tools, however, is that they inevitably fail to predict energies of more complex DNA tertiary structures (i.e. triplex, i-motif, G-quadruplex, aptamers, DNAzymes) based on non-canonical interactions. They also do not predict the effect of chemical modifications such as the addition of labeling molecules (e.g. fluorophores, quenchers, etc.) or the use of modified nucleotides ([@B17]--[@B19]).

To overcome these limitations, several experimental approaches have been employed in recent years to estimate the free energy of DNA-based systems. These include melting curves, isothermal titration calorimetry and titration binding curves ([@B20]--[@B22]). Unfortunately, these approaches typically suffer from considerable drawbacks, which include low sensitivity and high cost (calorimetry), lack of structural information (melting curves) and inability to measure binding free energies of high-affinity interactions (i.e. *K*~D~ below pM) (binding curves). Over the last three decades, urea chemical denaturation ([@B23]--[@B28]) has become the method of choice to evaluate the free energy of proteins and other biopolymers ([@B23]--[@B25]). Such method was also found of utility, although with limited examples, in the characterization of ribozyme and RNA structural folding ([@B26]--[@B28]). Despite its relative simplicity and precise free energy measurements, however, urea titration experiments have seen little ([@B29],[@B30]), if any application in the field of DNA-based supramolecular chemistry. Motivated by this, here we demonstrate the applicability of urea titration experiments to determine the folding and binding free energy of a set of DNA responsive units (Figure [1](#F1){ref-type="fig"}) based on Watson--Crick and non-canonical interactions.

![Determining the thermodynamics of DNA-based nanosystems using urea titration curves. (**A**) Folding free energies of DNA unimolecular structures. (**B**) Binding free energies of DNA--DNA complexes. (**C**) Binding free energies between a DNA aptamer and its non-DNA target. (**D**) Binding free energies between a DNA conformational nanoswitch and its DNA target.](gkx498fig1){#F1}

MATERIALS AND METHODS {#SEC2}
=====================

Oligonucleotides {#SEC2-1}
----------------

All oligonucleotides employed in this work were synthesized, labeled and purified (HPLC and reverse phase) by IBA GmBH (Göttingen, Germany) or DNA Technology (Risskov, Denmark) and used without further purification. Unless otherwise stated the labeled oligonucleotides were dissolved in Millipore water at a concentration of 1 mM while the non-labeled oligonucleotide were dissolved in the relevant buffer (100 mM Tris buffer, 10 mM MgCl~2~, pH 7.8) at a concentration of 100 μM. The final concentration of the oligonucleotides was confirmed using Tecan Infinite M200pro (Männedorf, Switzerland) through NanoQuant Plate™. Before use, each oligonucleotide solution was heated to 95°C for 5 min and then allowed to cool to room temperature for 2 h. The sequences of the labeled and unlabeled oligonucleotides used in this work are given below.

Labeled oligonucleotides {#SEC2-2}
------------------------

In this work we used a set of four unimolecular nanoswitches that form stem-loop structures as shown in Figures [1A](#F1){ref-type="fig"}, [2A](#F2){ref-type="fig"} and [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}. These are labeled with 6-carboxyfluorescein (6-FAM) and Black Hole Quencher 1 (BHQ-1) at the 5' and 3' ends, respectively with the following sequences:

![Determining the folding free energy of DNA unimolecular structures. (**A**) Urea titration curves of four DNA stem-loop constructs differing in their stem stability (different GC/AT content---[Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). (**B**) Comparison between the experimentally and predicted (NUPACK) ([@B15]) folding free energies. (**C** and **D**) Urea titration curves of more complex DNA tertiary structures: (C) a DNA G-quadruplex ([@B38]), which is known to be specifically stabilized by K^+^ ions. (D) A DNA parallel triplex structure formed by TAT versus CGC triplets ([@B41],[@B42]). Urea titration curves were obtained in a solution of 0.1 M Tris buffer, 10 mM MgCl~2~, pH 7.8 at 37°C for the stem-loop constructs (10 nM). For the G-quadruplex structure (20 nM) a solution of 50 mM Cs-HEPES, pH 7.5 at 25°C at different concentrations of KCl was used. For the triplex construct (50 nM) a solution of 50 mM sodium phosphate buffer, pH 7.0 at 25°C was used.](gkx498fig2){#F2}

Variant 1GC: 5'-(6-FAM)-A[ATCAT]{.ul}**CCCCCCTTTTCTTTT**[ATGAT]{.ul}G-(BHQ-1)-3'

Variant 2GC: 5'-(6-FAM)-A[CTCAT]{.ul}**CCCCCCTTTTCTTTT**[ATGAG]{.ul}G-(BHQ-1)-3'

Variant 3GC: 5'-(6-FAM)-A[CTCAC]{.ul}**CCCCCCTTTTCTTTT**[GTGAG]{.ul}G-(BHQ-1)-3'

Variant 4GC: 5'-(6-FAM)-A[CTCGC]{.ul}**CCCCCCTTTTCTTTT**[GCGAG]{.ul}G-(BHQ-1)-3'

For all the sequences above the nucleotides in bold represent the portion complementary to a 15-nt DNA strand (called target) and the underlined nucleotides represent the self-complementary stem portion. All variants present an additional adenine nucleotide, after the 6-FAM and guanine nucleotide, before the BHQ-1.

The unimolecular nanoswitch that folds into a G-quadruplex structure in Figures [1A](#F1){ref-type="fig"} and [2C](#F2){ref-type="fig"}, is labeled with a 6-FAM at the 5' end and a BHQ-1 at the 3' end following this sequence:

G-quadruplex: 5΄-(6-FAM)-TTGGGTTAGGGTTAGGGTTAGGGTT-(BHQ-1)-3΄

The two unimolecular nanoswitches that fold into unimolecular triplex structures in Figures [1A](#F1){ref-type="fig"} and [2D](#F2){ref-type="fig"}, are labeled with a Black Hole Quencher 2 (BHQ-2) at position 13 (modified T-nucleotide) and with an Alexafluor 680 (AF680) at the 3'end are:

80% TAT: 5'-AAGAA-AAGAA-**TTT**(BHQ-2)**A**-TTCTT-TTCTT-[CTTTG]{.ul}-TTCTT-TTCTT- (AF680)-3'

100% TAT: 5'-AAAAA-AAAAA-**TTT**(BHQ-2)**A**-TTTTT-TTTTT-[CTTTG]{.ul}-TTTTT-TTTTT- (AF680)-3'

In the above sequences, the nucleotides in bold represent the loop of the duplex portion and the underlined nucleotides represent the loop for the parallel triplex region ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}).

The duplex probes used as controls were labeled with BHQ-2 at the 5' end and at the 3'end with AF680. The sequences of the control duplex probes were as follows:

Control duplex 80% TA:

5'-(BHQ-2) AAGAA-AAGAA-**CTTG**-TTCTT-TTCTT (AF680)-3'

Control duplex 100% TA:

5'-(BHQ-2) AAAAA-AAAAA-**CTTG**-TTTTT-TTTTT (AF680)-3'

For all the sequences above the bases in bold represent the loop portion.

The sequence of the 17-nt linear strand (Figure [1B](#F1){ref-type="fig"}) is labeled with a 6-FAM at the 5' end and a BHQ-1 at the 3' end:

Linear DNA: 5'-(6-FAM)-A-**CCCCCCTTTTCTTTT**-G-(BHQ-1)-3'

The nucleotides in bold represent the portion complementary to the DNA target strand. This sequence also contains an additional adenine nucleotide, after the 6-FAM and guanine nucleotide, before the BHQ-1.

Finally, the cocaine-binding aptamer in Figures [1C](#F1){ref-type="fig"} and [4](#F4){ref-type="fig"} is a 38-nt DNA strand labeled with 6-FAM at the 5' end and BHQ-1 at the 3'end:

Cocaine aptamer: 5'(6-FAM)-GGGAGACAAGGAAAATCCTTCAATGAAGTGGGTCGA CA(BHQ-1)-3'

Non-labeled oligonucleotides {#SEC2-3}
----------------------------

The following DNA sequences were used as targets of both the stem-loop and linear strand labeled oligonucleotides described above:

15-nt: 5'-AAAAGAAAAGGGGGG-3'

14-nt: 5'- AAAAGAAAAGGGGG-3'

13-nt: 5'- AAAAGAAAAGGGG-3'

12-nt: 5'- AAAAGAAAAGGG-3'

11-nt: 5'- AAAAGAAAAGG-3'

Urea titration curves {#SEC2-4}
---------------------

Urea titration curves were obtained by starting from a solution (800 μl) containing the studied DNA-based system and by sequentially increasing the urea concentration by adding increasing volumes of a 10 M urea solution prepared in the working buffer solution and containing the same concentration of the investigated DNA-based system (to avoid change in the concentration of the studied DNA-based system and in ionic strenght). For each urea concentration the system was allowed to equilibrate for 2 min prior to measurement. The fluorescence equilibrated values were obtained using a Cary Eclipse Fluorimeter (Agilent Technologies) and fitted using the relevant Equations ([1](#M1){ref-type="disp-formula"}, [2](#M2){ref-type="disp-formula"} and 4). We note that it is also possible to perform the experiment in the opposite direction (from 10 M to 0 M urea) (see [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). The reported urea titration curves have been normalized through the use of the interpolation model ([@B23]).

Thermal melting curves {#SEC2-5}
----------------------

Thermal melting curves were obtained using a Cary Eclipse Fluorimeter (Agilent Technologies), and a total reaction volume of 800 μl. The melting curves were performed in the indicated buffer at a concentration of 10 nM (for stem-loop switches) and 100 nM (for unimolecular triplex and G-quadruplex switches). Before the experiment the oligos were heated to 95°C for 5 min and then allowed to cool to room temperature for 1 h. Melting curves were performed by heating from 20 to 95°C at a rate of 1°C·min^−1^ and the reported melting curves have been normalized through the use of the interpolation model ([@B20],[@B45]) and the data analyzed as reported elsewhere ([@B20],[@B45]).

Binding curves {#SEC2-6}
--------------

Binding curves were obtained using a fixed concentration of the relevant DNA probe and by adding increasing concentrations of the relevant target in a 800 μl volume cuvette. The fluorescence measurements were obtained using a Cary Eclipse Fluorimeter (Agilent Technologies) with excitation at 495 (±5) nm and acquisition between 510 and 530 nm. The fluorescence signals at each target concentration were recorded every 10 min until they reached the equilibrium. The equilibrated values were fitted to a single-site binding mechanism (\[*X*\] = target concentration; *F*~B~ = fluorescence in the presence of saturating concentration of target; *F~\[T\]~* = fluorescence in the presence of different concentration of target; *F~0~* = background fluorescence; *\[P\]* = concentration of the probe or switch; *K*~D~ = dissociation constant): $$\documentclass[12pt]{minimal}
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Nupack simulations {#SEC2-7}
------------------

We used NUPACK (<http://www.nupack.org/>) to predict the folding and binding free energies of the DNA systems ([@B15]). The DNA sequences in presence or in absence of complementary DNA target were analyzed by the software using the following parameters: (i) temperature: 25 or 37°C; (ii) number of strand species: 1 (for folding free energy) or 2 (for binding free energy); (iii) maximum complex size: 4; in advanced options; (iv) \[Na^+^\] = 0.1 M, \[Mg^++^\] = 0.01 M; (v) dangle treatment: all.

Further experimental details, fitting protocols, reagents and DNA sequences are given in the [Supplementary Data](#sup1){ref-type="supplementary-material"}.

RESULTS {#SEC3}
=======

Determining folding free energies of DNA unimolecular structures {#SEC3-1}
----------------------------------------------------------------

Urea titration curves can be employed to determine the folding free energy of unimolecular DNA structures (Figure [1A](#F1){ref-type="fig"}). We first determine the folding free energy of a simple DNA secondary structure solely based on Watson--Crick interactions. To do so, we employed a DNA strand with self-complementary ends that folds into a stem-loop structure. This structure has been widely exploited in structure-switching DNA-based sensors ([@B31],[@B32]), nanomachines ([@B33],[@B34]) and synthetic biology ([@B35]). We designed four stem-loop variants that retain a common loop sequence but differ in their stem sequence ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). Specifically, we used a stem of 5 nt and modulated its stability by gradually changing the GC/AT content. In order to monitor the unfolding transition of these DNA folds, we labeled them with a fluorophore (6-FAM) and a quencher (BHQ-1) at the two ends (5' and 3', respectively). The urea titration curves of all four stem-loop variants reveal a single unfolding transition as shown in Figure [2A](#F2){ref-type="fig"}. These curves (fluorescence (F) versus urea concentration, \[U\]) were fitted by using a classic two-state denaturation model, Equation ([1](#M1){ref-type="disp-formula"}) (SI Section 5), ([@B23],[@B36],[@B37]): $$\documentclass[12pt]{minimal}
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}{}\begin{equation*}{\rm{F}} = \frac{{({\rm{F}}_{\rm{F}}^{\circ} + {{\rm{\sigma }}_{\rm{F}}}[{\rm{U}}]) + ({\rm{F}}_{{\rm{UN}}}^{\circ} + {{\rm{\sigma }}_{{\rm{UN}}}}[{\rm{U}}]) \cdot {{\rm{e}}^{ - \frac{{(\Delta {\rm{G}}_{\rm{F}}^{\circ} ({{\rm{H}}_2}{\rm{O}}) - {\rm{m}} \cdot [{\rm{U}}])}}{{{\rm{RT}}}}}}}}{{\left( {1 + {{\rm{e}}^{ - \frac{{(\Delta {\rm{G}}_{\rm{F}}^{\circ} ({{\rm{H}}_2}{\rm{O}}) - {\rm{m}} \cdot [{\rm{U}}])}}{{{\rm{RT}}}}}}} \right)}}\ \end{equation*}\end{document}$$Where Δ*G*°*~F~*(H~2~O) is the folding free energy, *m* is the dependence of Δ*G*°*~F~*(H~2~O) on urea concentration (kcal/M•mol), *F°~F~* and *F°~UN~* are the fluorescence signals of the folded and unfolded states, respectively, in absence of urea; and *σ~F~* and *σ~UN~* represent the dependence of the fluorescence signal of the folded and unfolded states, respectively, on urea concentration ([@B23],[@B24],[@B36]). We note that for certain unimolecular structures tested in this work some of these values have been fixed during fitting in order to improve the procedure. For example, for the *σ~F~* value for the stem-loop constructs we used the value obtained with the variant 4GC (which shows the longest and thus the more precise initial baseline) and for the *σ~UN~* value we used the value obtained from the linear extrapolation of the final portion of the curve obtained for the variant 1GC. Similarly, for the *F°~UN~* value we used the value obtained by linear extrapolations of the final portion of the urea titration curves for the 1GC stem-loop. These assumptions (which are quite common in urea denaturation experiments) ([@B23],[@B28],[@B37]) allow to better fit the experimental values and to decrease possible errors that might arise when denaturation curves present incomplete initial or final baselines. Using these fits, we determined that the folding free energies of these stem-loop constructs range between −2.1 ± 0.1 (variant 1GC) and −4.6 ± 0.1 kcal/mol (variant 4GC) and that the average change in free energy per AT→GC substitution in the stem is −0.8 ± 0.1 kcal/mol. These values compare well with those predicted by NUPACK ([@B15]) (Figure [2B](#F2){ref-type="fig"} and [Supplementary Table S1](#sup1){ref-type="supplementary-material"}). The slight difference in energy observed between the predicted and experimental values (e.g. 1.3 kcal/mol for the 1GC) may likely be attributed to the interaction between the fluorophore (6-FAM) and the quencher (BHQ-1). This contribution has been already demonstrated to stabilize stem-loop structures (e.g. by 1.8 kcal/mol) ([@B37]) and it is not currently taken into account by prediction softwares ([@B17],[@B18]).

In addition to determining the folding free energy of DNA structures, urea titration curves also allow to generate structural information through the estimation of the *m*-value, which describes the dependence of folding free energy on urea concentration (represented by the cooperative level of the urea curve). The *m*-value provides a measure of the change in solvent accessible surface area (SASA) upon unfolding and can be thus used to estimate the magnitude of the overall structural change that accompanies structure unfolding ([@B26],[@B28]). As expected, we found that the *m*-value of all four, structurally similar, stem-loop variants remains constant (average *m*-value = 0.42 ± 0.01 kcal/M•mol) ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}).

We also determined the folding free energy of more complex unimolecular DNA structures stabilized by non canonical interaction (not Watson--Crick) for which no prediction softwares are currently available. To demonstrate this, we selected a DNA G-quadruplex structure ([@B38]), which is found in many DNA aptamers and DNAzymes ([@B39],[@B40]) and a triplex forming DNA sequence ([@B41],[@B42]) that is often used as a pH nanosensor or nanoactuator ([@B43],[@B44]). The urea titration curves of both these DNA tertiary structures fit well to a two-state denaturation model, Equation ([1](#M1){ref-type="disp-formula"}), with folding free energies of −2.6 ± 0.1 kcal/mol for the G-quadruplex (Figure [2C](#F2){ref-type="fig"}, at 100 mM of K^+^ ions) and −2.3 ± 0.1 kcal/mol for the triplex construct (Figure [2D](#F2){ref-type="fig"}, 100% TAT at pH 7.0) ([Supplementary Figures S2 and 4](#sup1){ref-type="supplementary-material"}). We note here that the two-state assumption should be carefully investigated for each specific case ([@B45]). In this work, for example, we have demonstrated that the transition observed during triplex nanoswitch unfolding consists in a triplex-to-duplex transition by using a control switch lacking the triplex-forming portion ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). For the G-quadruplex we relied on previous melting experiments performed on similar DNA sequences, which support the two-state assumption ([@B38],[@B45]). Urea titration curves also allow to determine the stabilizing effect of potassium ions on the G-quadruplex structure (Figure [2C](#F2){ref-type="fig"} and [Supplementary Figure S4](#sup1){ref-type="supplementary-material"}) and of pH and base substitution on the triplex structure (Figure [2D](#F2){ref-type="fig"} and [Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). Consistent with previous observations ([@B38]), for example, we found that the stability of the G-quadruplex increases by --0.9 kcal/mol when the potassium ions concentration is increased from 10 to 100 mM ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). Similarly, by substituting AT interactions with CG interactions in the triplex construct sequence we were able to measure the overall contribution of C•G Hoogsteen base pairing in the folding free energy of the triplex structure and its stability in function of pH. We found that C•G Hoogsteen interaction stabilizes the triplex construct by −2.1 ± 0.4 kcal/mol at pH 6.0 and by only −0.5 ± 0.3 kcal/mol at pH 7.0 ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). Of note, the much larger *m*-value of the triplex construct (1.08 ± 0.04 kcal/M•mol) compared to that of the G-quadruplex (0.51 ± 0.01 kcal/M•mol) and of the stem-loop (0.43 ± 0.02 kcal/M•mol) ([Supplementary Figures S2 and 4](#sup1){ref-type="supplementary-material"}) suggests that the triplex structure buries nearly twice as much surface area upon folding than the other two structures ([@B26],[@B28]).

The suitability of urea titration method to derive free energy values of DNA unimolecular structures is further supported by comparison with thermal melting curves obtained using the conventional Van\'t Hoff method ([@B20], [@B38])). More specifically, the folding free energy values of the stem-loop systems ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}) obtained with thermal melting curves are in good agreement with those obtained using urea denaturation curves. Good agreement was also observed with the triplex systems ([Supplementary Figure S7](#sup1){ref-type="supplementary-material"}) although with some discrepancy with the 80% TAT switch at pH 6.0. A similar discrepancy among the results obtained with the urea denaturation curves and the thermal melting curves was also observed with the G-quadruplex systems ([Supplementary Figure S8](#sup1){ref-type="supplementary-material"}). We note here that this discrepancy might be due to the fact that the Van\'t Hoff analysis assumes that Enthalpy (ΔH) is independent from the temperature, which in turn means that the heat capacity change during the reaction (ΔC~p~) is zero. The ΔC~p~ = 0 hypothesis is clearly not always valid for melting of nucleic acid structures and this could account for large errors in the extrapolated ΔG° ([@B20],[@B38],[@B46],[@B47]). Another potential source of the disagreement between urea and thermal denaturation measurements could also be the possible interaction between urea and ions in solution. Since it has been observed with RNA sequences that interactions of urea with monovalents ions may be important in unfolding experiments ([@B28],[@B48]) this may be one of the reasons of the observed discrepancy.

Determining binding free energies of DNA--DNA complexes {#SEC3-2}
-------------------------------------------------------

Urea titration curves can be used to precisely determine the binding free energy between complementary DNA strands (Figure [3A](#F3){ref-type="fig"}), a key parameter to take into account when designing, for example, DNA nanostructures that assemble using complex annealing procedures. To demonstrate this, we designed a set of complementary DNA--DNA complexes of various lengths (and thus various stabilities). Specifically, we used a fluorophore/quencher labeled 17-nt DNA strand and a set of five complementary DNA sequences (targets) with length varying from 11 to 15 nt ([Supplementary Figure S9A](#sup1){ref-type="supplementary-material"}). As shown in Figure [3B](#F3){ref-type="fig"} and [Supplementary Figure S9B](#sup1){ref-type="supplementary-material"}, the urea titration curves of these DNA dimers reveal a single unfolding transition, which is well fitted using a two-state unfolding model ([@B49]). Using this model, we can obtain the binding free energy of the bi-molecular systems in absence of urea, Δ*G*°*~B~*(H~2~O), for a specific concentration of target \[T~tot~\], Equation ([2](#M2){ref-type="disp-formula"}) (SI section 5): $$\documentclass[12pt]{minimal}
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}{}\begin{equation*}F\ = \frac{{[{T_{{\rm tot}{\rm }}}] \cdot (F_{\rm B}^{\circ} + {{\rm{\sigma }}_{\rm{{\rm B}}}}[{\rm{U}}]) + (F_{{\rm NB}}^{\circ} + {{\rm{\sigma }}_{{\rm{NB}}}}[{\rm{U}}]) \cdot {e^{ - \frac{{(\Delta G_{\rm B}^{\circ} ({{\rm H_2}{\rm }}{\rm O}) - m \cdot [U])}}{{{\rm RT}}}}}}}{{\left( {[{T_{{\rm tot}{\rm }}}] + {e^{ - \frac{{(\Delta G_{\rm B}^{\circ} ({{\rm H_2}O}{\rm }) - m \cdot [U])}}{{{\rm RT}{\rm }}}}}} \right)}}\ \end{equation*}\end{document}$$Where *F°*~B~ and *F°*~NB~ are the fluorescence signals of the bound and not-bound states, respectively, in absence of urea; and *σ*~B~ and *σ*~NB~ represent the dependence of the fluorescence signal of the bound and not-bound states, respectively, on urea concentration ([@B23],[@B24],[@B36]). In order to facilitate fitting, we typically fixed the *σ*~B~value for some of these denaturation curves (see SI for details). By using this model we found binding free energies between −7.9 ± 0.1 kcal/mol (11-nt target) and −14.3 ± 0.1 kcal/mol (15-nt target), which correspond to dissociation constants, *K*~D~, of 2.5 ± 0.1 μM and 81 ± 4 pM. The *K*~D~ values determined using urea titration curves are in close agreement with those obtained through conventional binding curves (i.e. achieved by adding increasing concentration of target to a fixed concentration of the probe) (Figure [3C](#F3){ref-type="fig"} and [Supplementary Figure S10](#sup1){ref-type="supplementary-material"}). A clear advantage of urea titration curves over classic binding titration curves, however, is that they enable the determination of affinity constants well below the nanomolar regime (e.g. 15--nt target shows a *K*~D~ of 81 pM). In contrast, fluorescent-based binding curves are less precise for low dissociation constants (*K*~D~) values as the titration becomes stoichiometric and it is not possible to obtain reliable information about *K*~D~ ([@B50]). Another important advantage of urea titration curves is that the binding free energy of a complex can be determined at various concentration of target thus enabling measurement of weak binding energies by driving complex association via addition of a saturated amount of target (Figure [3D](#F3){ref-type="fig"} and [Supplementary Table S2](#sup1){ref-type="supplementary-material"}). The results obtained with this system at different concentration of targets also support the hypothesis that the binding free energy varies linearly with the urea concentration, as previously demonstrated for protein ([@B23],[@B24]) and RNA ([@B26],[@B28]). We show, in fact, that both binding free energy values and *m*-values remain constant over a wide range of target concentrations (Figure [3D](#F3){ref-type="fig"} and [Supplementary Figure S11](#sup1){ref-type="supplementary-material"}).

![Determining binding free energies of DNA complexes. (**A**) Urea unfolding of DNA duplex. (**B**) Urea titration curves of five complementary DNA--DNA dimers of different length (from 11 to 15 nt---[Supplementary Figure S9](#sup1){ref-type="supplementary-material"}). (**C**) Comparison between the experimentally derived binding free energies obtained using urea titration curves (squares) and binding curves (circles) and the energies estimated by NUPACK simulation ([@B15]) (triangles) ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}). (**D**) Binding free energies estimated using urea titration curves can be measured at different target concentration ([Supplementary Figures S9 and 11](#sup1){ref-type="supplementary-material"}). Dotted lines represent the average values. All urea titration and binding curves were obtained in 0.1 M Tris buffer, 0.01 M MgCl~2~, pH 7.8 at 37°C using a fixed concentration of DNA linear probe (10 nM).](gkx498fig3){#F3}

Interestingly, although we find that NUPACK correctly predicts the difference in energy between our targets (e.g. for each GC addition: −1.8 kcal/mol for NUPACK versus −1.5 ± 0.2 kcal/mol for urea titration curves, Figure [3C](#F3){ref-type="fig"} and [Supplementary Table S2](#sup1){ref-type="supplementary-material"}), it also significantly overestimates the total binding free energy (from 3.1 to 5.1 kcal/mol) ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}). The observed differences between experimental and predicted values may likely be attributed to chemical modifications (i.e. introduction of fluorophore/quencher pair) ([@B18]), multinucleotide dangles ([@B51]) or specific buffer-salt conditions ([@B51]), which are known to affect the stability of DNA--DNA complexes and that are not taken into account by prediction softwares.

Determining the binding free energy between a DNA aptamer and its target {#SEC3-3}
------------------------------------------------------------------------

Through the use of various selection/amplification strategies, chemists have identified a variety of DNA sequences, called aptamers, that fold or self-assemble into specific conformations that confer them binding activities to non-DNA targets ([@B52],[@B53]). However, up to date, characterizing the binding affinity of aptamers toward their specific targets remains relatively challenging ([@B54]). Here we show that urea titration curves allow to measure the binding free energy of a DNA aptamer for its target. As a model system we employ the cocaine-binding aptamer, a well-characterized 38-nt sequence known to specifically bind cocaine and other analogues, and which undergoes a target-induced folding into a three-way junction ([@B55]). To determine the binding free energy of this aptamer for cocaine we assume that cocaine only binds the folded aptamer and measure the difference in folding free energy of the aptamer in presence and absence of cocaine. The urea titration curve of the fluorophore/quencher-labeled aptamer (Figure [4A](#F4){ref-type="fig"}) in absence of cocaine displays a single two-state unfolding transition which, using Equation ([1](#M1){ref-type="disp-formula"}), allows to estimate its folding free energy (−1.7 ± 0.1 kcal/mol)(Figure [4B](#F4){ref-type="fig"} and [Supplementary Figure S12](#sup1){ref-type="supplementary-material"}) ([@B56]). In the presence of saturating concentrations of cocaine (we tested 3.5 *K*~D~, 12 *K*~D~ and 35 *K*~D~) the urea unfolding curve shifts to higher urea concentrations, consistent with the fact that cocaine stabilizes the folded conformation (Figure [4B](#F4){ref-type="fig"} and [Supplementary Figure S12](#sup1){ref-type="supplementary-material"}) ([@B57]). We can estimate the binding energy of the aptamer--cocaine complex, and therefore its *K*~D~, by simply subtracting the folding free energies estimated in absence and presence of cocaine using Equation ([2](#M2){ref-type="disp-formula"}) (Figure [4C](#F4){ref-type="fig"}). The value obtained (e.g. −4.8 ± 0.4 kcal/mol or *K*~D~ = 302 ± 25 μM when using a cocaine concentration of 300 μM) is found relatively independent of the concentration of cocaine employed and compares well with the binding free energy obtained using typical binding curve experiments (−5.5 ± 0.3 kcal/mol, *K*~D~ = 85 ± 1 μM) (Figure [4C](#F4){ref-type="fig"} and [Supplementary Figure S13](#sup1){ref-type="supplementary-material"}). In addition, we also found that the *m*-value is about 50% higher in presence of cocaine (0.69 versus 0.46 kcal/M•mol), suggesting that cocaine binding to the aptamer significantly reduces the access of urea to the nucleobases ([Supplementary Figure S12](#sup1){ref-type="supplementary-material"}).

![Determining the binding free energy of a DNA aptamer for its target. (**A**) Urea unfolding of the cocaine-binding aptamer. (**B**) Urea titration curves of the cocaine-binding aptamer in absence (black) and presence of different cocaine concentrations. (**C**) Comparison between folding and binding free energies of the cocaine-binding aptamer obtained using urea titration curves (at different concentrations of cocaine) and a classic binding curve (gray) ([Supplementary Figures S12 and 13](#sup1){ref-type="supplementary-material"}). The urea titration and binding curves were obtained in 50 mM sodium phosphate buffer, 500 mM NaCl, pH 7.0 at 25°C using 100 nM of aptamer.](gkx498fig4){#F4}

Determining the binding free energy between a DNA switch and its target {#SEC3-4}
-----------------------------------------------------------------------

Binding-induced DNA conformational switches are the basic functional units of a wide variety of nanodevices including structure-switching biosensors, molecular computers and drug delivery machines ([@B7],[@B11],[@B31]--[@B35]). In the vast majority of cases the conformational switches can be described by a population-shift mechanism in which target binding competes with structure switching (or structure folding) (Figure [1D](#F1){ref-type="fig"}). In these cases, the binding free energy between a target and a conformational molecular switch, Δ*G*°~B~, depends on both the intrinsic affinity of the target for the binding competent conformation of the switch (Δ*G*°~B~*^int^*) and on the switching (or folding) equilibrium constant, *K*~F~, following this relationship ([@B37]): $$\documentclass[12pt]{minimal}
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}{}\begin{equation*}\Delta {\rm{G}}_{\rm{B}}^{\circ} = - {\rm{RT}}\;\ln \left[ {\frac{1}{{K_{\rm D}^{{\rm int}}}}\left( {\frac{{{K_{\rm F}}}}{{1 + {K_{\rm F}}}}} \right)} \right] = \Delta {\rm{G}}_{\rm{B}}^{\circ i{\rm{nt}}} - {\rm{RT}}\;{\rm{ln}}\left( {\frac{{{K_{\rm F}}}}{{1 + {K_{\rm F}}}}} \right)\end{equation*}\end{document}$$where, *K*~D~*^int^* and Δ*G*°~B~*^int^* are the dissociation constant and binding free energy between the target and binding-competent conformation of the switch and *K*~F~ (or Δ*G*°~F~ in Figure [1D](#F1){ref-type="fig"}) are the equilibrium constant of the switch (or its folding free energy) (Figure [1D](#F1){ref-type="fig"}).

Here we show how urea titration curves enable to measure binding free energies of a binding-induced DNA conformational switch using molecular beacons ([@B31],[@B32]), a classic DNA-based switch routinely employed as a biosensor in polymerase chain reaction diagnostic tests. In this system, the thermodynamic equilibrium between a closed stem-loop (non-binding) conformation and the open (binding) conformation is shifted toward this latter in the presence of a single strand complementary to the loop sequence (Figure [5](#F5){ref-type="fig"}) ([@B31],[@B37]). Here we have used the same set of four stem-loop optically-labeled constructs described in the previous section ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}), that display a common recognition loop domain ([Supplementary Figure S14A](#sup1){ref-type="supplementary-material"}).

![Determining the binding free energy between a DNA nanoswitch and its target. (**A**) Here we used as a model system a stem-loop DNA probe that recognizes a specific DNA sequence complementary to the loop sequence and, upon binding, undergoes a conformational change (stem-loop opening). (**B**) Urea titration curves of the stem-loop construct alone (empty markers) and in the presence of saturating concentrations of a DNA target (filled markers). (**C**) The population-shift mechanism correctly describes the binding between the DNA conformational switch and its target ([@B37]), so we can indirectly estimate the binding free energy between the set of four DNA switches and a 15-nt complementary target by indirectly deriving the intrinsic affinity of the binding competent conformation (*K*~D~*^int^*) and the switching-equilibrium constant (*K*~F~) of the same stem-loop constructs in the absence of target ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). (**D**) Binding free energies obtained by urea titration curves (circles) and by NUPACK simulation (triangles) ([@B15]). Shown are also the binding free energies calculated by using the indirect method described in the text ([Supplementary Figure S6C and text](#sup1){ref-type="supplementary-material"} for details). The urea titration curves were obtained in 0.1 M Tris buffer, 0.01 M MgCl~2~, pH 7.8 at 37°C using a fixed concentration of the relative DNA nanoswitch (10 nM).](gkx498fig5){#F5}

The urea titration curve of these stem-loop structures at saturating concentration (1 μM) of a 15-nt target complementary to the loop domain (Figure [5B](#F5){ref-type="fig"}, closed symbols, and [Supplementary Figure S14B](#sup1){ref-type="supplementary-material"}) typically reveals two unfolding transitions. The first transition provides thermodynamic information about the binding free energy, ΔG°~B~ and represents the dissociation of the target from the switch with the switch returning into its folded conformation (of note, a significant fraction of the least stable switch 1GC remains unfolded upon target dissociation even at low urea concentration). The second transition provides thermodynamic information about the equilibrium constant of the switch, *K*~F~ (or Δ*G*°~F~) and represents the unfolding of the molecular beacon into its open conformation. Of note, this portion of the curve precisely overlaps the urea titration curve of the stem-loop structure alone (Figure [5B](#F5){ref-type="fig"}, empty symbols, respectively). In order to fit this double-transition curve we have used a three-state denaturation model, which enables to estimate the binding free energy of the bimolecular system, Δ*G*°~B~(H~2~O), as a function of the total target concentration \[T~tot~\], the stability of the stem-loop structure, Δ*G*°~F~(H~2~O) and the urea concentration, Equation (4) (SI section 5): ![](gkx498ufig1.jpg)

Where, *F°*~B~ and *F°*~NB~ are the fluorescence signals of the bound and not-bound (folded) states, respectively, in absence of urea; and *σ*~B~ and *σ*~NB~ represent the dependence of the fluorescence signal of the bound and not-bound states (folded), respectively, on urea concentration ([@B23],[@B24],[@B36]). Of note, *F°*~UN~ and *σ*~UN~ are the fluorescence signal in absence of urea and the dependence of the fluorescence signal on urea concentration of the unfolded state; Δ*G*°~F~(H~2~O) and *m*~F~ are the folding free energy and the relative *m*-value of the stem-loop structure alone. These values can thus be easily obtained using the urea titration curves of the stem-loop structures in the absence of the target (Figure [5B](#F5){ref-type="fig"}, empty markers and [Supplementary Table S1](#sup1){ref-type="supplementary-material"}). The resulting fitting (Figure [5B](#F5){ref-type="fig"}, filled markers) thus enables to distinguish and estimate the binding free energy of the bi-molecular system, Δ*G*°~B~(H~2~O), as a function of the total target concentration \[T~tot~\] and urea concentration, Equation (4) (SI sections 2 and 5). Using this approach we determined that the binding free energy values of our set of binding-induced DNA conformational switches for a 15-nt target range from −11.5 ± 0.1 kcal/mol (4GC-stem, more stable switch) to −13.9 ± 0.1 kcal/mol (1GC-stem, least stable switch) (Figure [5D](#F5){ref-type="fig"} and [Supplementary Table S3](#sup1){ref-type="supplementary-material"}). These results illustrate well how target binding competes with structure switching (or structure folding) in binding-induced conformational switches. Indeed, we found that the affinity, *K*~D~^obs^, of our binding-induced DNA conformational switch is inversely correlated with its switching (or folding) equilibrium constant, *K*~F~, as described by the three-state population-shift mechanism ([Supplementary Figure S15](#sup1){ref-type="supplementary-material"}) ([@B37]).

We note that the binding free energy between the DNA switch and the 15-nt target can also be indirectly derived using two independent urea denaturation experiments and Equation ([3](#M3){ref-type="disp-formula"}) (Figure [5C](#F5){ref-type="fig"}). To do this we obtained *K*~D~^int^ using a non-switching DNA (having the same recognition sequence of the DNA switch but lacking the switching domain, [Supplementary Figures S9A and 14](#sup1){ref-type="supplementary-material"}) in complex with the same 15-nt target employed above (Figure [5C](#F5){ref-type="fig"}). Similarly, we can obtain *K*~F~ using the same stem-loop constructs in the absence of target (Figures [2A](#F2){ref-type="fig"} and [B](#F2){ref-type="fig"}, [Supplementary Table S1](#sup1){ref-type="supplementary-material"}). The Δ*G*°~B~ values obtained with this method are in relatively good agreement with those obtained from the urea titration curves of the switch-target complex and our three-state model (Figure [5D](#F5){ref-type="fig"} and [Supplementary Table S3](#sup1){ref-type="supplementary-material"}, within 2 kcal/mol). In contrast, we find that using NUPACK simulations and Equation ([3](#M3){ref-type="disp-formula"}) leads to a significant overestimation of the binding free energy by nearly 6 kcal/mol (or more than two order of magnitude in *K*~D~ variation) (Figure [5D](#F5){ref-type="fig"}). This clearly highlights the lack of accuracy of current DNA simulations softwares when estimating the thermodynamics of more complex nanoscale systems such as binding-induced DNA conformational switches.

DISCUSSION {#SEC4}
==========

Here we have demonstrated the use of urea titration experiments as a valuable tool to estimate the binding and folding free energy of various DNA-based systems. We have used a set of DNA-based nanoswitches and nanodevices that are based on simple Watson--Crick interactions or on more complex non-canonical interactions between single or multiple interacting DNA strands. More specifically, we have developed a set of equations that allow to analyze urea titration curves of different DNA secondary and tertiary structures (stem-loop, G-quadruplex, triplex structures), DNA complexes involving aptamers and binding-induced DNA switches, and to correctly estimate their relative folding and binding free energy values in presence of various ions or buffer. In addition, because urea denaturation curves also provide a measure of the surface area exposed upon unfolding, the *m*-value (or cooperativity), this approach also provides additional structural insights on the investigated DNA-based systems. Finally, we note that these thermodynamic parameters are obtained in a simple, isothermal procedure that can be performed in aqueous buffer conditions.

The use of urea titration curve to achieve structural and thermodynamic information about DNA-based or other supramolecular systems appears particularly advantageous compared to currently used methods. For example, while recently developed online softwares are able to predict with good approximation DNA--DNA interactions in different working conditions (ionic strength, DNA strand concentrations, etc.) they also present key limitations that can hinder their utility in numerous applications. These softwares, for example, are not able to correctly predict secondary and tertiary structures that contain non-canonical DNA--DNA interactions, and are not programmed to consider the effect of chemical modifications, which remain hard to predict (e.g. fluorophore, quencher, etc.). They also perform rather poorly when dealing with more complex supramolecular systems such as binding-induced DNA switches that use simple Watson--Crick based interactions (Figure [5D](#F5){ref-type="fig"}). Experimental methods normally employed to achieve thermodynamic information also present crucial limitations ([@B4]). Binding curve experiments, for example, typically fail to evaluate affinities (*K*~D~) lower than nM concentrations due to the limiting effect of the concentration of the molecule in solution while urea unfolding curves enable to determined *K*~D~ as low as pM (Figure [3B](#F3){ref-type="fig"}). Thermal melting experiments allow the determination of various thermodynamic parameters in a simple and inexpensive fashion ([@B20]) but many buffers and optical labels are highly sensitive to temperature ([@B51]) and no structural information can be derived from melting curves. Moreover, the accurate extrapolation of thermodynamic parameters using melting curves is dependent on the assumption that enthalpy is temperature-independent (ΔC~p~ = 0) which might lead to inaccurate results ([@B20],[@B51]). Finally, microcalorimetry techniques as DSC (differential scanning calorimeter) and ITC (isothermal titration calorimeter) often require optimal experimental setting ([@B20]) or careful fitting procedures ([@B21]) and are only limited to specific free energies range ([@B22]).

We believe that the results described herein will pave the way toward the use of urea titration curves, and more generally, chemical denaturation experiments, as versatile tools to study the thermodynamics of DNA-based nanodevices in aqueous solutions. This approach would also greatly contribute to bridge the gap between the science displayed by naturally selected biopolymers (which are much more advanced that human-made chemistry) and the one displayed by modern nanotechnology. In the last thirty years, for example, urea titration has revealed the thermodynamics basis of many highly complex biochemical mechanisms ([@B23]--[@B28]). We believe that urea denaturation methods may thus be exploited with similar success to study and optimize nanoscale systems designed by human that use similar functional groups than the one displayed on biopolymers surfaces.
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